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Abstract 

IJsing data from the Fermilab photoproduction experiment E691, we have measured the 
branching ratio for the decay Do + f70a0 to be (5.0 f 0.8 f 0.9)%. We see uo evidence for 
the decay Do -+ Ii’A” aud set a 90% confidence level upper limit of 0.12%. The large z”i70a0 
branching ratio (relative to 1(-a+) indicates either a lack of color suppression or siguiiic,aut 
elastic final state interactions. The upper limit on the r°Ko mode indicates that final state 
iuteractions mix final states such as I(+I<- or ?r+r- into the fi”Ico less than 27% of the 
time at the 90% confidence level. 

PACS numbers: 13.25, 14.405 
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Introduction 

Final state interactions in charmed particle weak decays may seriously complicate the 

traditional interpretation of experimental resuIt,s. ‘J,3,4 These interactions cm be classified 

into two types: elast,ic, which preserve final state quark content, and inelastic, which can 

change final state quark cont,ent (transforming utis~ t,o dds.?, for inst,anre). The majo 

mechanisms of n” decays are illustrated in Fig. 1: spectator decays [Figs. l(a,) and l(b)] 

and W-exchange decays [Figs. 1 (c) and 1 (d)]. Tl w weak mnihilation mechanism does not 

contribute to Do decays due to the absence of flavor changing neutral currents. We present 

a measurement of the decay Do --+ r”i;;ono and a,n upper limit, for the decay no + r”ii;oliO 

whose rates are sensitive to final state int,eractions. 

The effect of elastic final state interactions on Do decays can be explored by comparing 

the Do --t X”7ro and Do --f Ii-r+ decay rates. Both decays proceed through Cabibbo- 

allowed spectator diagrams: Ii’-?r + through an outer-W (Fig. ](a,)) and ~“i;o through an 

inner-W (Fig. l(b)). The weak parts of the two decays are identical and the available phase 

space is almost identical. Any difference between the branching ratios of these two modes 

would be evidence of qwrk recombination differences. Simple color suppression arguments”‘4 

predict the ratio of ??‘a0 to Ii-a+ to be about 0.1. Lipkin’, Donoghue3 and Bauer ef 01.~ 

have argued that elastic fina~l stat,e interactions can change the relative ra,tes of t,hese two 

decay modes by inducing a phase shift between their isospin-l/2 and isospin-3/2 amplitudes. 

Another possibility, sometimes called bleacIling,5 IS that soft gluons could br exchanged 

between final st,ate quarks to cha,nge their color, reducing any color suppression. 
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The Cabibbo-suppressed decay Do -+ 7C°Ko is sensitive to inelastic final state interac- 

tions. This decay cannot, proceed through a spectator amplitude alone; there is no ii quark 

in the final stat,e hadrons. Two W-exchange diagrams [Figs. l(c) and l(d)] could contribute, 

but in the absence of SU(2) flavor symmetry breaking, their amplitudes cancel each other 

through the (:lasllow-Iliopoulos-Maiani (GIM)* mechanism. The x°Ko final state can be 

produced with inelast,ic final state int,era,ctions as illustrated in Fig. 2. The big S represents 

a hadronic interaction which changes the &? pair into a UC pair. If the Do + ??‘;i;;o1;’ decay 

proceeds a,t a rate simila,r to other Cabibbo-suI)pressed decays, inelastic final sta,te interac- 

tions ma,y be significant,. If the rate is well below other Cabibbo-suppressed rates, it could be 

explained by SU(2) flavor symmetry breaking. Such symmetry breaking can occur through 

differences in the proba.bility of an s? or d;i popping up from the vacuum. It may also occur 

through a difference in the helicity suppression of coupling a, W vector boson to an s quark 

rela,tive to that for coupling to a d quark in the W-exchange diagrams shown in Figs. l(c) 

and l(d). 

Experimental Setup 

Fermilab experiment E691 was a photoproduction experiment designed to study t,he 

production and decay properties of charmed particles. Photons with energy b&ween 80 and 

240 GeV interacted in a 5.cm beryllium target. Reconstructed Do’s produced from these 

interac.tions generally had momenta between 30 and 120 GeV/ c with an average momentum 

of 60 GeV/c. 

Events were detected in the Tagged Photon Spectrometer (TPS), an open-geometry> 

two-magnet spectrometer. Silicon microstrip detectors (SMD’s) and drift, chambers t,racked 
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charged particles. Two threshold &renkov counters, divided into a total of 60 cells, pro- 

vided particle identificat,ion. A segmented liquid ionizat,ion calorimeter (SLIC) was used to 

measure electromagn&ic showers produced by electrons and photons. The SLIC resolved 

shower centroids to about 3 mm and had a fractional energy resolution of about, 21%/&E) 

(GeV). Mass resolutions were typically 8 MeV/ c2 a.nd 12 MeV/c2 for Kg’s and no’s respec- 

tively. More complete descriptions of the detector, of our particle identification and vertexing 

algorithms, and of rrlated results are found in References 6-9. 

The no + ~o~” sample was obtained from the decay chain: n*+ -+ DOa+ , Do+ 

TOa0 ) 7;;” ---f Ii: + ~T+?T- , K’ + yy (charge conjugate states are implicitly included), \\‘c~ 

required each rT+r- pair to form a good downstream vertex and to have an invariant mass 

within 17 hleV/c’ (2~) of the Kg mass. lo The two photons each had energy > 2.0 GeV, 

satisfied geomet,ric cuts to reduce backgrounds from beam photons, and satisfied additional 

cuts to accept only well identified photons. lo The y-y invariant mass was required to lie 

within 24 MeV/c* (20) of the ?y” mass. 

All possible charged pions were individually combined with each Do candidate. The 

mass difference AM = M(l$.a’a+) -M(@T’) was required to lie between 0.144 and 0.147 

GeVJc2, consistent with the hypothesis D*+ + Doa+ This mass difference requirement 

reduced combinatorial backgrounds by a, factor of 50, while losing only 25% of the D*‘s. We 

also required IcosS,,,l < 0.7 where 6,, is t,he angle of the To momentum relat,ive to t,he Do 

boost direction in the Do rest frame. Our background tended to peak at COST,, near +1 

and we bad no acceptance near -1. Except for acceptance, the signal should be flat in co&,, 
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since the J? and x0 are in a, relative s-wave 

The It’~# invariant mass histogram, displayed in Fig. 3, was fit to t,he sum of a Gaussian 

signal plus a,n exponential background. The Gaussian width was fixed to that calculated 

from our Monte Carlo simulat,ion and the central value fixed at the Do mass. We find 

a signal of 119 f 15 Do + 1Ci~’ events. To compute the ratio of Do --t ??“T;o~’ to 

D” + Ii-T+ , we correct,ed the signal for the ET0 + Ii; + lrtr- branching ratios and for 

our reconstruction efficiency of (1.9 + 0.3)%. We divided hy our acceptance and efficiency 

corrected D*+ i DOTi+ , Do + A-*+ signal” giving 

B(D” -+ E’;o~‘) 

B(Da --f K-r+) 
= 1.36 f 0.23 f 0.22 

( & statistical f systematic, discussed below). Using the Part,icle Data Group’s” value of 

3.il & 0.25% for B( Do + ii-at ), we obtain B( Do -+ ~‘?r” ) = 5.0 & 0.8 3 0.9%. 

The decay mode D” + ~‘If” was analyzed through the decay chain: D*+ -+ Doa+, 

Do -+ ??‘li” , iPIP -+ Iiyf; , If; -+ r+1r- . The analysis was similiar to that for 

Do + Toa0 Both Ki candidates were required to form good downstream vertices and 

have invariant mass within 17 MeV/c’ (20) of the Ifi mass. The D* - D” mass difference, 

Ah-l, was required to lie within the range 0.144-0.147 GeV/c*. The ICili!j invariant ma,ss 

histogram, shown in Fig. 4, was fit to the sum of a Gaussian signal plus a linear ba,ckground. 

The width was fixed to that determined from our Monte Carlo simulation. The central value 

was fixed to the Do mass. There is no evidence of a signal in the histogram, and we found 
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0.0 rt4.5 DO + Ii”Iio events. We corrected this result for the (6.3 f 0.8)% reconstructiou 

efficiency for this decay chain and for the fT”ICo + Ii’~Ii~ and Kg + K+X- branching 

ratios. The r”Iio --f Ii~lC~ branching ratio is l/2 (not l/4) because the 7i”Ii’ must be in 

an even parity state, and expanding this state in terms of the weak eigenstates Iii and IiF 

leaves only t,he combinations If~Ii~ and IC~Ii~.‘” Normalizing to Do --+ K-r+ , we obtain 

the 90% CL upper limit 

B(D” + ~“Ii”) 

B(D” -+ K-a+) 
< 0.032 

Using t,he Particle Data Group’s” value (3.71 * 0.25)% for B( Do + Ii-a+ ), we obt,ain an 

90% CL upper limit of 0.12% for B( Do -+ ~‘IC” ). 

Systematic Errors 

There are several sources of systemat,ic uncertainty in these results. For both decay modes 

the uncertainty in reconstruction efficiencies found using the Monte Carlo simulation program 

in conjunction with correction factors determined a posteriori dominate the uncertainties. 

For most, cases, the fractional error due to uncertainty in the Monte Carlo simulation of 

charged tracks is less than 5%. The accuracy of the I<! ---t r+r- reconstruction efficiency is 

less well known as the x tracks traverse only the drift ch.ambers and not t,he Sh?D’s. However, 

the per track per plane efficiencies of the drift chambers in the Monte Carlo program and ilr 

the data, after the tracks are found, agree at the I-2% level. We have determined that the 

syst,emat,ic error in the I(; reconstruction efficienc,y is 9rO.l’ 
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The accuracy of the x0 + yy reconstruction efficiency (used in the Do --t ??‘i~~a’ decay 

mode) was st,udied using the four decay modes of Ii*‘s. From isospin, the r” reconstruction 

eficiency can be determined relative to the well understood ?rt efficiency using the relationl’ 

fro -= 
t*+ --+ Pi-x+) N(K*+ -3 Ii$r+) 

Combining results of such a study with our Monte Carlo simulat,ion, WC have determined 

a 7r” reconsbruction efficiency correction factor for which the systematic error is 12%. We 

calculat,ed the systematic errors reported for the ratios of branching ratios as t,he sums in 

quadrature of the uncertainties described above. For t,he absolute branching ratios we also 

added (in quadrature) the fractional errors in the denominator branching ratios taken from 

the Particle Data Group. 

Summary 

Our measurement and earlier measurements for the ratio B( Do -+ -iTor )/B( D” + 

P-x+ ), Table I, are much higher than the prediction from a simple color suppression 

model. The measurements are all consistent with the predictions made by Donoghu.? and 

Bauer et a1.4 when elastic final state interactions are included but are below the largest 

of Lipkin’. Since the weak components and available phase spaces of the two decays are 

the same, any difference in the two branching ratios must lie in the quark recombination 

process. Two possible explanations are that any color suppression is reduced by elastic final 

state interactions or that color suppression is noI]-existent due to bleaching. 
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A comparison of the measurements for Do -+ -ii°Ko which are sensitive to inelastic 

final state interactions shows that we and the ARGUS13 collaboration have obtained 90% 

CL upper bounds which are about a factor of three below the predict,ion of Pham.’ The 

CLE014 and E40015 collaborations have observations at about the sa,me level as our upper 

limit. All the measurements are consistent with a low level of in&stic final state interactions 

or with SU(2) flavor symmetry breaking. 

Acknowedgements 

This research was supported by t,he IJ.S. Department of Energy, the U.S. National Science 

Foundation, t,he Satural Science and Engineering Research Council of Canada through the 

Institute of Particle Physics, the National Research Council of Canada, and the Brazilian 

Conselho National de Desenvolvimento Cientifico e Tecnol6gico. 

7 



Notes and References 

a. Now at Cornell University, Ithaca, N.Y. 14853 

b. Now at Electronmgnetic Applications, Denver, CO 80226 

c. Now at Nichols R,esrarch, Inc., Colorado Springs, CO 80226. 

d. Now at CERN, Division EP, CH-1211, Gen~vr, Switzerland 

c:. Now a,t SLAC> SIanford, CA 94~309. 

f. Now at University of California, Irvine, CA 92716 

9. Now a,t Tufts l’niversity, Medford, MA 02155 

1. H.J. Lipkin, Phys. Rev. L&t. 44, 710 (1980). 

2. X.-Y. Pham> Phys. Lett. B193, 331 (1987). 

3. J.F. Donoghue, Phys. Rev. D33, 1516 (1986). 

4. M. Bauer, B. Stech, and M. Wirbel, Z. Phys. C34, 103 (1987). 

5. 1.1. Bigi, 011 Charm Decays - Present Status and Future Goals in Charm 

Physics, eds. Ming-ban Ye and Tao Hung, (Gordon and Breach, New York, 

1988), p. 339. 

6.. .J.R. Raa,b et al. (E691), Phys. Rev. D37, 2391 (1988) and references 

therein. 

7. J.C. Anjos et al. (E691), Phys. Rev. L&t. 60, 897 (1988). 

8.‘.J.C. Anjos et al. (E691), Phys. Rev. Lett. 62, 125 (1989). 



9. J.C. Anjos et al. (E691), Phys. Rev. Lett. 62, 513 (1989). 

10. A.L. Shoup, Ph.D. Thesis, University of Cincinnati, 1991 (unpublished). 

11. J.J. Hernandez et aI. (Particle Data Group), Phys. L&t. B239, VII, 117 

(1990). 

12. D. Summers, Ph.D. Thesis, University of California, Santa Barbxa, 1984 

(unpublished). 

13. H. Albrecht et al. (ARGUS), Z. Phys. C46, 9 (1990) 

14. d. Alexander e1 al. (CLEO), Phys. Rev. Lett. 65, 1184 (1990). 

15. J.P. Cumalat et al. (E400), Phys. Lett. B210, 253 (1988) with revision; 

J.P. Cumalat (private communicat~ion). 

16. J. Adler et al. (MARK III), Phys. Rev. Lett. 60, 89 (1988). 

17. A.J. Hauser, Ph.D. Thesis, California Institute of Technology, 1984, (unpub- 

lished). 



Figure Captions 

1. Feynman diagrams for weak charmed meson decays. The do& mark the 

Cabibbo-suppressed vertices. (a) Outer-W spectator, (b) Inner-W spect,ator, 

(c) and (d) are two of the possible W-exchange diagrams. “}‘I indicates how 

quarks combine. 

2. hlechanism to produce the decay Do + ??K” from a spectat,or decay, using 

inelastic final state interactions. The big ‘5” represents a hadronic interac- 

tion which changes the & pair into a uG pair. 

3. li,:a’ invariant mass histogram. The dotted line shows the fitted background 

contribution under the signal. 

4. 1<:1$ invaria,nt mass histogram. The dashed line shows the signal level 

corresponding to our 90% CL upper limit. 

Table Captions 

I Absolute Do branching r&as (in percent) and ratios of bra~nching r&x, or 

’ the corresponding 9OY o confidence level upper limit,s, from other experiments, 

with the E691 results for comparison. The column labelled Theory I gives 

predictions including final state interactions; the column labelled Theory II 

‘gives predictions excluding final stat,e interactions. 



Result ARGUS’” CLE014 MARK III’6.1’ E40015 E691 Theory I’.’ Theorv I14.* 

BR(D” + r”rO) 2.3 f 0.4 IL 0.5 1.9 f 0.4 rk 0.4 5.0 zt 0.8 + 0.9 2.4 0.24 

BR( Do + Foro) .55 f .06 f .07 .45 f .lO f .lO 1.36 zt .23 f .22 .‘I3 .I 

BR(D’ --f K-n+) 

BR(D’ + x”lio) < .ll ,]3+.07+.02 -.05-.02 < .46 .lO f .08 < .12 .30 0. 

BR(D” + ??“lco) < .24 .20 f .15 < .27 .50 0. 

I BR(D” + Ic+I<-)j I 

Table I 
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